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A full-dimensional time-dependent quantum approach is proposed to study the vibrational
predissociation~VP! dynamics of BC–Rg2 ~BC5diatomic molecule, Rg5rare-gas atom! clusters.
The method applies the partially-separable time-dependent self-consistent-field approximation to
express the six-dimensional total wave function as a product of two wave functions, one describing
the three stretching modes of the system, the other one describing the three bending modes. The
method is tested by simulating the VP of Cl2– Ne2 for the initial Cl2 vibrational excitationsv
57 – 13, and of I2(v521) – Ne2 . The Cl2– Ne2 results are compared to experimental data and
earlier simulations. The method is very efficient as compared to previous reduced-dimensional
quantum models where the bending modes were not explicitly considered in the dynamics. Good
agreement with experiment is found for the resonance lifetimes and Cl2 vibrational distributions for
v>9, where the bending/stretching couplings are not strong. The model underestimates rotational
excitation of the Cl2 fragment, failing to reproduce the Cl2 rotational distributions. In the case of I2
(v521) – Ne2 , the time evolution of the vibrational populations is compared with previous
multiconfiguration time-dependent Hartree calculations. The favorable comparison obtained
supports the reliability of the method within certain validity conditions. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1461823#
I. INTRODUCTION
Weakly bound van der Waals~vdW! clusters BC–Rgn
~BC5diatomic molecule, Rg5rare gas atom! are prototype
systems to explore fundamental aspects of energy transfer
processes which take place upon excitation of the diatomic
subunit. Such processes include vibrational predissociation,
intramolecular vibrational redistribution~IVR!, and evapora-
tive cooling. In the last two decades a variety of vdW clus-
ters has been investigated using both frequency-domain and
time-domain techniques. Among the frequency-domain ex-
periments are predissociation dynamics studies of I2– Hen
(n51 – 3),1 I2– Nen (n51 – 7),
2,3 Br2– Nen (n51 – 3),
4
ICl– Nen (n51 – 5),
5 Cl2– Nen (n51 – 3),
6 Cl2– Arn (n
51 – 3),7 and Cl2– Hen (n51,2).
8 Time-domain techniques
have been applied to investigate the VP dynamics of I2– Nen
(n51 – 4).9
From the theoretical point of view, the predissociation
dynamics of several vdW clusters has also been studied.
Most exact quantum dynamics calculations have been lim-
ited to triatomic BC–Rg complexes.10–14 The VP dynamics
of larger clusters like I2– Hen (n51 – 9),
15 I2– Nen (n
51 – 9),16,17 and I2– Ar13,
18 was investigated by means of
classical and quasiclassical simulations. Full-dimensional
hybrid classical-quantum and quantum-classical approaches
were applied to study the predissociation dynamics of
Cl2– He2 ,
19 I2– Nen (n52 – 6),
20 and Cl2– Nen (n52,3).
21
Quantum dynamical calculations on tetraatomic BC–Rg2
complexes have been reported using reduced-dimensional
models including three coupled degrees of freedom22–25 ~in
Ref. 24 a fourth degree of freedom was also considered in
the framework of the time-dependent Hartree approxima-
tion!, and four coupled degrees of freedom.26 Full-
dimensional quantum calculations on the VP of I2– Ne2 have
been recently reported using the multiconfiguration time-
dependent Hartree~MCTDH! method.27 Application of the
MCTDH formalism to BC–Rg2 systems is promising al-
though it is still very demanding.
In general, the full-dimensional classical and hybrid
methods and the reduced-dimensional quantum~RDQ! mod-
els are able to predict the main dynamical features observed
experimentally. However, a quantitative level of prediction
of all the experimental data is not yet achieved by these
treatments. Leaving aside the quality of the potential surfaces
employed, the classical and hybrid approaches lack quantum
effects, while the RDQ models lack the influence of the
modes neglected. One possible direction to improve the
quantum description is to add one more fully-coupled degree
of freedom to the presently available RDQ models. Typically
this involves much computational effort, and it is not cleara
priori that the improvement of the description is worth such
an effort. Another approach, computationally affordable, is to
consider the full dimensionality of the system and to apply a
scheme of separation of some of the modes, in order to make
the quantum mechanical problem tractable. This latter ap-
proach has been adopted in this work.
In the present paper a full-dimensional quantum dynami-
cal treatment of the VP of BC–Rg2 systems is proposed. Thea!Electronic mail: garciavela@imaff.cfmac.csic.es
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method suggested applies the partially-separable time-
dependent self-consistent-field~PS TDSCF! approximation28
to divide the system modes into two groups, where the
modes within each group remain fully coupled during the
dynamics. Specifically, the total six-dimensional wave func-
tion of the system is expressed as a product of two wave
functions, one of them describing the three stretching modes
of the complex, and the other one describing the three bend-
ing modes. Upon time propagation, the TDSCF equations
allow the two partial wave functions to interact during the
dynamics, through mean-field, effective Hamiltonians. At
any time each group of modes feels the average dynamical
influence of the other modes. The approach is tested by
simulating the VP dynamics of Cl2– Ne2 , a system for which
there are available experimental data6 and different theoreti-
cal studies21,23,25 to compare with. An additional test of the
method is carried out by simulating the VP of I2– Ne2 and
comparing the results with the recent MCTDH
calculations.27
The outline of the paper is the following: In Sec. II the
VP process and the system are briefly described, and the
approach suggested is presented. Results are compared with
those of experiment and previous theoretical studies, and dis-
cussed in Sec. III. Some conclusions are drawn in Sec. IV.
II. THE APPROACH
A. The process and the system
Upon excitation of the Cl2 chromophore in Cl2– Ne2
from the ground electronic state to a vibrational statev.0 in
the excited B electronic state, a resonance state
Cl2* (B,v) – Ne2 is prepared. From that state the complex un-
dergoes vibrational predissociation, decaying to a fragmenta-
tion continuum. Energy transfer from the Cl2 stretching vi-
bration to the vdW modes is what causes fragmentation of
the complex, which can follow different pathways,
Cl2* ~B,v !– Ne2→Cl2~B,v8,v !– Ne1Ne
→Cl2~B,v9,v8!1Ne1Ne, ~1!
Cl2* ~B,v !– Ne2→Cl2~B,v8,v !1Ne1Ne, ~2!
Cl2* ~B,v !– Ne2→Cl2~B,v8,v !1Ne2. ~3!
The VP process can be assumed, to a good approxima-
tion, to occur on a single potential-energy surface, that of the
B electronic state. Similarly as in previous theoretical stud-
ies, this potential surface is modeled as a sum of pairwise
atom–atom interactions, each of them described by a Morse
function. The Morse parameters used in the calculations are
the same as those employed in earlier simulations.21,23,25
B. Representation of the system and initial state
The Cl2– Ne2 system is represented in bond coordinates
(r, R1, R2), wherer is the vector associated with the Cl–Cl
bond distance, andR1, R2 are the vectors between the Cl2
center-of-mass and the two Ne atoms, respectively. By ex-
pressing the vectorsr , R1, and R2 in spherical coordinates
@r5(r ,u r ,f r),Ri5(Ri ,u i ,f i),i 51,2# the Hamiltonian of



















S l12R12 1 l2
2
R2
2D 2 \2“1•“22mCl 1V~r, R1, R2!, ~4!
wheremCl25mCl/2 andmCl2– Ne5mNe2mCl /(mNe12mCl) are
the reduced masses corresponding to the Cl2 and vdW
modes, respectively, andj , l1, andl2 are the angular momen-
tum operators associated withr , R1, and R2, respectively
~the total angular momentum of the system isJ5 j1 l1
1 l2). An expanded expression of“1•“2 is given in Ref. 25.
Before carrying out the simulation of the VP dynamics,
the initial state of Cl2– Ne2 prepared by excitation needs to
be specified. Such initial state corresponds with the ground
resonance state of the complex~assuming thatJ50! associ-
ated to the specific Cl2 vibrational levelv excited in theB
electronic state. In order to calculate this initial state the
variational formalism of Villarrealet al.29 has been applied.
To this purpose the Hamiltonian of Eq.~4! is represented in
a suitable basis set and diagonalized. Details on these calcu-
lations have been given elsewhere.25
Calculated resonance energies are listed in Table I for
the different vibrational statesv of Cl2 studied (v57 – 13),
and compared with the energies obtained with the RDQ
model of Ref. 23. It should be noted that due to a typographi-
cal mistake, in Table II of Ref. 25 the resonance energy for
v511 reads2123.97 cm21, instead of the correct value
2124.59 cm21 included in the present Table I. The vibra-
tional energies of Cl2 , Ev are also given in Table I. The
present energiesEv are about 10 cm
21 lower than those of
Ref. 23, probably due to a slightly different chlorine mass
used here (mCl535.4527 amu).
TABLE I. Calculated full-dimensional~this work! and reduced-dimensional~Ref. 23! resonance energies relative to the initial Cl2 vibrational energy levelEv .
Ev50 corresponds to separated atoms.
v57 v58 v59 v510 v511 v512 v513
Ev(cm
21) 21511.1 21338.0 21175.4 21023.3 2881.8 2750.8 2630.3
Eres(cm
21)a 2125.67 2125.43 2125.24 2124.86 2124.59 2124.19 2123.67
Eres(cm
21)b 2152.3 2152.13 2151.97 2151.26 2151.48 2151.15 2150.67
aThis work.
bReference 23.
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C. The PS TDSCF equations
In the present approach a partially-separable ansatz is
assumed for the exact total wave function
C(r ,R1 ,R2 ,u1 ,u2 ,f,t) of the system, which is approxi-
mated byCTDSCF(r ,R1 ,R2 ,u1 ,u2 ,f,t),
CTDSCF~r ,R1 ,R2 ,u1 ,u2 ,f,t !
5c~r ,R1 ,R2 ,t !F~u1 ,u2 ,f,t !e
ıg(t), ~5!
where the phase factoreıg(t) is a coordinate-independent
factor30,31 which arises as a consequence of factorizing
C(r ,R1 ,R2 ,u1 ,u2 ,f,t), and f is defined asf5f12f2 .
By introducing the ansatz of Eq.~5! into the Schro¨dinger
equation,
ı\
]C~r ,R1 ,R2 ,u1 ,u2 ,f,t !
]t
5ĤC~r ,R1 ,R2 ,u1 ,u2 ,f,t !, ~6!
three new equations of motion are found forc(r ,R1 ,R2 ,t),
F(u1 ,u2 ,f,t), andg(t),
ı\
]c~r ,R1 ,R2 ,t !
]t
5Ĥ1
eff~r ,R1 ,R2 ,t !c~r ,R1 ,R2 ,t !, ~7!
ı\
]F~u1 ,u2 ,f,t !
]t
5Ĥ2








eff(r, R1, R2, t), Ĥ2
eff(u1,u2,f,t), andĤ3
eff(t8) are time-
dependent effective mean-field Hamiltonians defined as
Ĥ1
eff~r ,R1 ,R2 ,t !5^F~u1 ,u2 ,f,t !uĤuF~u1 ,u2 ,f,t !&, ~10!
Ĥ2
eff~u1 ,u2 ,f,t !5^c~r ,R1 ,R2 ,t !uĤuc~r ,R1 ,R2 ,t !&, ~11!
Ĥ3
eff~ t !5^c~r ,R1 ,R2 ,t !F~u1 ,u2 ,f,t !
3uĤuc~r ,R1 ,R2 ,t !F~u1 ,u2 ,f,t !&. ~12!
The PS TDSCF equations, Eqs.~7!–~12! are solved self-
consistently, and the effective Hamiltonians allow for partial
interaction betweenc(r ,R1 ,R2 ,t) andF(u1 ,u2 ,f,t) during
the dynamical evolution.
In order to solve Eq.~7! the wave packetc(r ,R1 ,R2 ,t)
is expanded on the vibrational eigenstatesxn(r ) of Cl2 as
c~r ,R1 ,R2 ,t !5(
n
Cn~R1 ,R2 ,t !xn~r !e
2 iEnt/\, ~13!




1VCl2~r !Gxn~r !5Enxn~r !. ~14!
Introducing the expansion of Eq.~13! in Eq. ~7! leads to a set
of time-dependent coupled equations for the different
Cn(R1 ,R2 ,t) packets, which are the equations actually
solved. Four terms in the expansion of Eq.~13!, n5v,v
21, v22, andv23 are sufficient to describe the VP dynam-
ics of Cl2– Ne2 .
A general packetFV
J,M(u1 ,u2 ,f1 ,f2 ,t) can be ex-
panded on an angular basis set,
FV
J,M~u1 ,u2 ,f1 ,f2 ,t !5 (
l 1 ,l 2 ,L
cl 1 ,l 2 ,L,V
J,M ~ t !h l 1 ,l 2 ,L,V
J,M
3~u1 ,u2 ,f1 ,f2!, ~15!
whereL5 l 11 l 2 , andM andV are the projections ofJ on
the Z axes of the space-fixed~SF! and body-fixed~BF!
frames, respectively~the ZBF axis coincides with the direc-
tion of ther vector!. The angular basis functions are defined
as
h l 1 ,l 2 ,L,V
J,M ~u1 ,u2 ,f1 ,f2!5F 12~11d l 1l 2!G
1/2
3@Wl 1 ,l 2 ,L,V
J,M ~u1 ,u2 ,f1 ,f2!
1Wl 2 ,l 1 ,L,V
J,M ~u1 ,u2 ,f1 ,f2!#,
~16!
The definition of Eq.~16! takes into account the angular
symmetry of the Cl2– Ne2 Hamiltonian, i.e., the Hamiltonian
is invariant under exchange ofl1 and l2. The functions
W l 1 ,l 2 ,L,V
J,M (u1 ,u2 ,f1 ,f2) are defined as
W l 1 ,l 2 ,L,V
J,M ~u1 ,u2 ,f1 ,f2!5S 2J114p D
1/2
DM ,V
J* ~f r ,u r ,0!
3Y l 1 ,l 2
L,V ~u1 ,u2 ,f1 ,f2!, ~17!
where DM ,V
J* are Wigner rotation matrices32,33 which relate
the SF and BF frames. The functionsY l 1 ,l 2
L,V (u1 ,u2 ,f1 ,f2)
are expressed as
Y l 1 ,l 2








v ~u1 ,f1!Yl 2
V2v~u2 ,f2!,
~18!
where (̄¯) denotes 32 j symbols andYl i
v(u i ,f i) are spheri-
cal harmonics. In the present dynamical treatmentJ50 is
assumed, which implies thatM5V50, andL52 j . When
J50 the two angular coordinatesf1 and f2 are not inde-
pendent, and they can be grouped into a single, independent
one, f5f12f2 . Thus the general angular wave packet
FV
J,M(u1 ,u2 ,f1 ,f2 ,t) becomesF0
0,0(u1 ,u2 ,f,t). For the
sake of compactness the indicesJ, M , and V have been
omitted when referring toF(u1 ,u2 ,f,t) in Sec. II C, and the
same criterion will be kept hereafter. The expression of Eq.
~15! can be simplified to a more compact form,
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F~u1 ,u2 ,f,t !5 (
l 1 ,l 2 ,L
cl 1 ,l 2 ,L~ t !h l 1 ,l 2 ,L~u1 ,u2 ,f!,
~19!
where cl 1 ,l 2 ,L(t)5cl 1 ,l 2 ,L,0
0,0 (t) and h l 1 ,l 2 ,L(u1 ,u2 ,f)
5h l 1 ,l 2 ,L,0
0,0 (u1 ,u2 ,f1 ,f2). By representing the Hamiltonian
Ĥ2
eff(u1,u2,f,t) in the basis set of the functions
h l 1 ,l 2 ,L(u1 ,u2 ,f), Eq. ~8! is transformed into a set of time-
dependent coupled equations for the coefficientscl 1 ,l 2 ,L(t).
Solution of this set of coupled equations provides the time
evolution of the angular wave packetF(u1 ,u2 ,f,t).
By expanding the angular dependence of the
V(r, R1, R2) interaction potential on spherical harmonics,
the angular quadratures of the potential terms ofĤ and
Ĥ2
eff(u1,u2,f,t) over the basis functionsh l 1 ,l 2 ,L(u1 ,u2 ,f)
become analytical.29 All the remaining quadratures over the





2, and the angular dependence of
“1•“2) can also be evaluated analytically.
29 This makes very
efficient the representation ofĤ and Ĥ2
eff(u1,u2,f,t) in the
basis seth l 1 ,l 2 ,L(u1 ,u2 ,f), and the calculation of the time-
dependent effective Hamiltonians of Eqs.~10!–~12!.
Some comments on the PS TDSCF approach presented
above are now due. The energy initially deposited in the BC
vibration can flow freely towards the reactive coordinatesR1
and R2 , since the exact, full couplings between the three
stretching modes are retained in the model. By contrast, the
explicit breaking of the couplings between the stretching and
the bending modes assumed in Eq.~5!, precludes the possi-
bility of an exact interaction and energy flow betweenr ~and
R1 ,R2) and the bending modes. In the approach such cou-
plings are recovered only partially through the time-
dependent effective Hamiltonians. Therefore, this model is
expected to underestimate energy transfer to the rotational
modes. In the present treatment the bending modes are con-
sidered as bath modes which are coupled dynamically, albeit
approximately, to the reactive stretching modes.
Recently, a RDQ model for the VP dynamics of BC–Rg2
systems which incorporates in a systematic way the full-
dimensional energy of the system was suggested.25 This
model was applied to Cl2– Ne2 and considered three coupled
degrees of freedom, namely, the three stretching modes of
the system. In essence, in the model of Ref. 25 a similar
separation of the total wave function as that of Eq.~5! was
assumed, and an equation like Eq.~7! was solved, where the
effective Hamiltonian was not time-dependent, but defined as
Ĥeff~r ,R1 ,R2!
5^F~u1 ,u2 ,f,t50!uĤuF~u1 ,u2 ,f,t50!&. ~20!
The approach proposed here can be viewed as a generaliza-
tion of the RDQ model of Ref. 25 by incorporating the av-
erage dynamical effect of the bending modes at any time.
In this sense, in the present method, same as in the model of
Ref. 25, the predissociation dynamics takes place at the full-
dimensional energy of the system.
D. Computational details
The Cn(R1 ,R2 ,t) packets are represented on a uniform
grid in the R1 and R2 coordinates. The grid parameters are
R054.0 a.u.,DR50.25 a.u., and the number of grid points
NR5256. All the Hamiltonian operations onCn(R1 ,R2 ,t)
involving kinetic-energy terms are performed using fast Fou-
rier transform~FFT! techniques. The angular wave packet
F(u1 ,u2 ,f1 ,t) is expanded on 660 angular basis functions
h l 1 ,l 2 ,L(u1 ,u2 ,f), with l 1
max5l2
max520 and Lmax518. The
time propagation of theCn(R1 ,R2 ,t) packets and the
cl 1 ,l 2 ,L(t) coefficients was carried out by means of the Che-
bychev polynomial expansion method,34 with time steps
Dt150.01 ps andDt250.000 625 ps, respectively.
The c(r ,R1 ,R2 ,t) wave packet is absorbed before it
reaches the edges of the grid in theR1 andR2 coordinates.
Absorption is carried out after each time stepDt1 by multi-
plying each packetCn(R1 ,R2 ,t) by a product of exponential
functions inR1 andR2 , as described elsewhere.
23,25The pa-
rameters used for the absorption exponential functions are
a50.20 a.u.22 andRabs557.0 a.u. For the analysis of prod-
uct distributions the vdW bonds are considered effectively
broken for distancesR1 ,R2.Rc515 a.u.
The absorption ofc(r ,R1 ,R2 ,t) causes its norm to de-




and ~12!. In order to minimize such an effect, the strategy
adopted here has been to increase the grid size and to place
the beginning of the absorption region farther away in the
asymptotic region. In previous RDQ calculations23,25the grid
size used wasNR5128 with Rabs525.0 a.u., while hereNR
5256 andRabs557.0 a.u. With the present grid and absorp-
tion parameters the minimization effect obtained is twofold.
First, the accumulated amount ofc(r ,R1 ,R2 ,t) absorbed
during the whole time propagation is,5% for the calcula-
tions carried out for the different initial resonance states~and
typically ,3%!. Second, this small portion of the wave
packet is absorbed in the far asymptotic region where many
terms of the HamiltonianĤ which are averaged over
c(r ,R1 ,R2 ,t) in Eqs.~11! and~12! have vanished or nearly
vanished. Therefore, the effect of the absorption on the cal-
culation of the effective Hamiltonians can be considered neg-
ligible.
III. RESULTS AND DISCUSSION
A. Resonance lifetimes
The decay of the resonance states of Cl2– Ne2 associated
with the vibrational levelsv57 – 13 of Cl2 has been simu-
lated. The wave packet propagation was carried out until
different final timest f , depending on the vibrational state
excited. Specifically,t f515 ps forv57, 8, 9, t f513 ps for
v510,11, andt f510 ps forv512,13. The resonance decay
curves are calculated as the square of the total wave packet
autocorrelation function P(t)5uC(t)u25u^CTDSCF(0)u
3CTDSCF(t)&u2. It has been shown35 that by propagating the
wave packet until a final timet f , one can obtainC(t) @and
thereforeP(t)# until a time 2t f . ThusuC(t)u2 has been cal-
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culated until t52t f , following the procedure described in
Ref. 25 to take into account that the wave packet is absorbed
during the time propagation.
Resonance lifetimes can be extracted from the calculated
decay curves by fitting them to an exponential law,
P~ t !.e2 ~ t/t!. ~21!
Exponential fits to the calculated decay curves similar to
those shown in Fig. 1 of Ref. 25 are obtained. The resonance
decay lifetimes found are listed in Table II along with the
experimental lifetimes and those previously calculated. For
the sake of comparison all the lifetimes are plotted in Fig. 1
versus the initial vibrational quantum numberv.
The present lifetimes improve significantly over the life-
times obtained with the RDQ model of Ref. 25, as a conse-
quence of including the average dynamical effect of the
bending modes neglected. It is found24,25 that the lifetimes
obtained with a RDQ model which incorporates the zero-
point energy of the bending modes neglected~i.e., which
considers the full-dimensional vdW energy!, are higher than
those calculated when the RDQ model does not incorporate
that zero-point energy. This is why the present lifetimes and
those of Ref. 25 are higher than the lifetimes obtained with
the RDQ model of Le Que´r´ and Gray23 ~which also consid-
ers the three stretching modes of Cl2– Ne2 , but it does not
include the bending zero-point energy!. This result is prob-
ably related to the energy-gap law.36 Following this law, as
the energy difference between the initial and final levelsv
and v f of the BC diatomic matches the vdW energy of the
BC–Rg2 complex ~i.e., the kinetic energy available for the
Rg fragmentse→0!, the predissociation linewidth increases,
and therefore the lifetime decreases. When the zero-point
energy of the modes neglected is not included in the model,
the vdW energy becomes lower~larger in absolute value!
than the full one~see Table I!, leading to smallere and thus
to lower lifetimes. As discussed previously,25 upon gradual
inclusion of the couplings between the stretching and bend-
ing modes~potential acceptors of energy! in the model of
Ref. 25, the lifetimes calculated are expected to decrease,
converging towards the experimental result. Actually this be-
havior is found when comparing the present lifetimes to
those of Ref. 25, as a result that the PS TDSCF approach
incorporates partial coupling during the dynamics between
the stretching~particularly the Cl2 stretch vibration! and the
bending modes.
The percentage of decrease of the present lifetimes with
respect to those calculated with the RDQ model of Ref. 25 is
listed in the last column of Table II. This variation gives a
measure of the extent to which the PS TDSCF approach
incorporates the stretching/bending couplings~and therefore
how it improves the performance!, with respect to the previ-
ous RDQ model. The convergence of the lifetimes ranges
from about 11% to 17%. Interestingly, the percentage of con-
vergence increases asv decreases, in parallel with the in-
creasing intensity of the couplings between stretching and
bending modes found in Ref. 25 and discussed below. Thus,
the proposed PS TDSCF method is able to provide a larger
correction as the couplings between the separated modes be-
come increasingly stronger.
Good agreement~although still not completely quantita-
tive! is found between the PS TDSCF and the experimental
lifetimes in the rangev510– 13. Forv510– 12 the present
lifetimes are closer to the experimental curve~see Fig. 1!
than those calculated with the RDQ model of Le Que´ré and
Gray.23 In particular, the PS TDSCF lifetime forv510 is
also closer to the experimental curve than the full-
dimensional hybrid quantum-classical21 prediction.
In the rangev,10 the present lifetimes, although more
converged than those of Ref. 25, still deviate largely from the
experimental data and from the previous theoretical results
of Refs. 21 and 23. It should be noted that the behavior of the
lifetime with v predicted by the three quantum models
shown in Fig. 1 deviates in a similar way from the experi-
FIG. 1. Plot of the calculated and experimental resonance lifetimes pre-
sented in Table II vs the initial Cl2 vibrational levelv.
TABLE II. Experimental and calculated decay lifetimes~in ps!.
v Experimenta This work RDQ1b RDQ2c Hybrid q/cd D ~%!
13 9.5 19.9 22.3 10.5 12.2 10.8
12 32.7 18.9 23.1
11 44.4 53.4 60.0 29.7 41.2 11.0
10 87.0 50.1 55.6
9 145.0 167.0 83.1 106.8 13.2
8 123.7 211.0 254.0 139.0 130.5 16.9
7 318.5 385.0 237.0 17.3
aReference 6. bReference 25.
cReference 23. dReference 21.
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mental curve~nearly a straight line! as v decreases. This
indicates that the increasing influence of the bending modes
and their couplings to the other modes on the lifetime for low
v levels of Cl2– Ne2 , is important enough as to require a
more explicit incorporation than that provided by the present
and previous quantum models. Despite the failure for lowv
levels, the present PS TDSCF approach seems to perform
well in order to predict the complex lifetime forv>10 ~at
least in the rangev510– 13 studied!.
One of the strengths of the method proposed here is its
computational efficiency. The extra computational effort re-
quired by the present calculations with respect to those of
Ref. 25@due to the time propagation of Eqs.~8!–~12!# is only
20%. It should be noted that most of this extra effort is
translated into convergence of the calculated lifetimes~prac-
tically all the extra effort forv57, 8, and more than half of
it for higherv!. The efficiency of the method lies on the fact
that by representing the angular dependence of the Hamil-
tonian Ĥ in the basis functions of Eq.~16!, all the quadra-
tures over the angular modes are analytical. As a conse-
quence, the calculation of time-dependent effective
Hamiltonians and the time propagation of Eqs.~8! and ~9!
become very efficient. The efficiency in the treatment of the
angular modes makes possible to apply the present method to
a large variety of BC–Rg2 systems, including those which
would require a large number of angular basis functions.
Application of the method to larger complexes, like
BC–Rg3 , is also feasible. This would require to add an extra
radial degree of freedomR3 , and to propagate a radial wave
packet c(r ,R1 ,R2 ,R3 ,t) ~which would involve the main
part of the computational effort!. The additional angular
modesu3 andf3 could be efficiently handled in the angular
basis set representation.
B. Vibrational distributions of Cl 2
Vibrational distributions of the Cl2(v f) fragment (v f
5v21, v22, v23) are calculated following the procedure
described in Ref. 25. The present vibrational populations are
collected in Table III along with the experimental and previ-
ously calculated ones. In the experiment thev23 channel
was weakly observed and no quantitative measurements of
the populations were reported. In the case of thev21 and
v22 populations, the experimental results forv>10 ~not
shown in Table III! are that 100% of the population corre-
sponds to thev22 channel.
The present vibrational populations for thev23 channel
are very similar~only slightly higher! to those obtained with
the two previous RDQ models.23,25The quantum-mechanical
v23 populations are low in general, in agreement with the
experimental observation. The hybrid quantum-classical cal-
culations of Bastidaet al.21 predict significantly higherv
23 populations. It has been discussed in Ref. 21 that a RDQ
model which neglects the bending modes is expected to give
lower populations for the channelsv23, v24, . . . , due to
underestimating IVR effects. Actually, the present model,
which incorporates a larger influence of the bending modes
than that of Ref. 25, leads to slightly higherv23 popula-
tions.
The populations associated with thev21 and v22
channels are remarkably different from those of Ref. 25. As
discussed in Ref. 25, thev21 populations calculated in that
work were expected to be overestimated due to two factors.
One factor was to neglect the dynamical effect of the energy-
acceptor bending modes in the previous RDQ model. The
other factor was related to the underestimate of thev22 and
v23 populations due to absorption of Cl22Ne1Ne wave
packet components before total fragmentation into Cl2(v f)
12Ne (v f5v22, v23) is achieved. In the present treat-
ment the negative effects of these two factors are diminished
to a large extent. First, the effect of the bending modes is
partially incorporated into the dynamics. Second, by increas-
ing the grid size and placing the absorption region farther
away in the asymptotic region, a larger amount of Cl2– Ne
wave packet components~which have a longer fragmentation
time scale! are allowed to dissociate before they are ab-
sorbed.
The vibrational populations calculated with the PS TD-
SCF approach converge in the correct direction~with respect
to those of Ref. 25!, in the sense that they agree better with
the experimental findings. Indeed, practically all the decrease
of the v21 population goes to thev22 channel, while the
v23 populations remain low. Forv>9 the populations of
the three channelsv21, v22, andv23 agree well with the
TABLE III. Calculated and experimental Cl2 fragment vibrational popula-
tions ~in percentage! for the dissociation channelsv21, v22, andv23.
Some small percentages of population found in Ref. 21 for the channelsv
24 andv25, are not listed.
v v21 v22 v23
This 13 0.4 92.8 6.8
work 12 1.0 93.9 5.1
11 5.2 91.2 3.6
10 12.0 85.5 2.5
9 22.0 76.3 1.7
8 36.6 62.4 1.0
7 53.3 46.2 0.5
RDQ1a 13 0.5 93.6 5.9
11 13.4 83.4 3.2
9 44.9 53.9 1.2
8 59.6 39.7 0.6
7 73.4 26.3 0.3
RDQ2b 13 1 94 5
12 1 95 5
11 1 96 4
10 1 96 3
9 2 96 2
8 2 96 2
7 3 96 1
Hybrid 13 1.3 73.7 18.4
q/cc 12 3.1 76.0 15.6
11 7.9 75.4 13.8
10 11.8 75.1 11.1
9 17.1 74.6 7.0
8 23.9 69.1 6.2
7 25.6 68.5 5.4
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experimental results. This is consistent with the good agree-
ment found between the PS TDSCF and the experimental
lifetimes for high v levels, and confirms that the present
method works well in that region of vibrational excitations.
For v,9 the agreement between the PS TDSCF and the
experimental populations for thev21 andv22 channels is
quantitatively worse. This is also consistent with the poorer
performance of the method in the calculation of the lifetime
asv decreases. However, the approach is able to predict the
experimental finding that forv57 there is a reversal of
population and thev21 channel becomes dominant. This
result, already predicted by the RDQ model of Ref. 25, was
not found in the simulations of Le Que´ré and Gray23 and
Bastidaet al.21 ~see Table III!. Thus the PS TDSCF vibra-
tional populations provide the best global agreement with the
populations measured in the whole rangev57 – 13 of vibra-
tional excitations studied.
A possible explanation of the fast increase of thev21
population found experimentally forv<9, could be related
to the increasing intensity of the couplings between the bend-
ing and the stretching modes asv decreases. Once the
v21 channel is open, fragmentation of the two vdW bonds
of the Cl2– Ne2 complex through this channel occurs when
each vdW stretching mode gets a share of the vibrational
quantum of energy enough to break it. Part of the vibrational
energy is absorbed by the bending modes. Events in which
direct energy transfer from Cl2 places into the two vdW
stretching modes an amount of energy similar and enough to
dissociate them are rather unlikely. It is more likely that one
stretching mode gets energy in excess, while the share of
energy available for the other stretching mode is insufficient
to break it. In principle this would lead to fragmentation of
the second vdW bond through thev22 ~or v23! channel.
The situation may change if the couplings between the bend-
ing and the stretching modes are strong enough. Through
those couplings the bending modes can channel part of the
energy they have absorbed, and even part of the excess en-
ergy of one of the vdW stretching modes, towards the other
stretching mode which got insufficient energy to break. Such
an efficient energy transfer through the bending/stretching
couplings would make more likely thev21 channel, and
would explain the high vibrational populations found experi-
mentally for lowv levels.
Evidence of increasingly strong bending/stretching cou-
plings asv decreases, supporting the above possible mecha-
nism, are found in Ref. 25 and in this work. In addition, the
rotational distributions of the Cl2 fragment esperimentally
observed for thev21 channel~see left panels of Fig. 7 in
Ref. 21! also seem to support the above explanation. Such
distributions cool down slightly asv decreases fromv59 to
v57, when the opposite behavior is expected since asv
decreasesEv2Ev21 increases and there is more energy
available for the rotational modes. This cooling could be an
indication that part of the rotational energy is being chan-
neled towards the stretching modes.
Aside from the level of accuracy in the description of the
bending/stretching couplings, possible deficiencies in the po-
tential surface used could be partially responsible for the
disagreement~where found! between calculated~in the
present and previous works! and observed magnitudes. With
the present potential surface the vdW bond energies obtained
variationally are about 125 cm21 ~see Table I!, while the
FIG. 2. Calculated Cl2 fragment rotational state distri-
butions for vibrational predissociation of Cl2– Ne2
through the vibrational channelsv f5v21 and v f5v
22. The initial v and finalv f vibrational states of Cl2
are given by the lablesv→v f in each plot.
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experimental vdW bond energy6 was determined to be be-
tween 145.6 cm21 and 148.6 cm21 for v59. There is a sig-
nificant difference of more than 20 cm21. One of the conse-
quences is that with the variational resonance energies the
v21 channel is closed only forv513, while with the ex-
perimental vdW bond energy this channel is closed forv
>10, which is supported by the measuredv21 vibrational
populations. This indicates that the Cl2– Ne2 potential sur-
face of theB electronic state could need some refinement.
Upon such a refinement, the present PS TDSCF method
could provide a more quantitative description of both the
lifetime and the vibrational distribution forv>9, where the
bending/stretching couplings are reasonably well described
at the present level.
C. Rotational distributions of Cl 2
The explicit incorporation of the bending modes in the
present PS TDSCF treatment allows one to calculate rota-
tional distributions of the Cl2 fragment. This makes a differ-
ence with previous RDQ models where only the stretching
modes of the cluster are explicitly considered. Rotational dis-
tributions of the Cl2(v f , j ) fragment have been calculated for
the channelsv f5v21 and v f5v22 for the resonance
states associated withv57 – 9,13, and they are displayed in
Fig. 2. To this purpose the asymptotic wave packet
CTDSCF(r ,R1 ,R2 ,u1 ,u2 ,f,t) is projected onto all the states
of the fragments Cl2(v f , j )1Ne1Ne accessible at the corre-
sponding total energy of the complex. The projection is car-
ried out in the asymptotic region 25.0 a.u.<Ri<57.0 a.u.
( i 51,2).
As discussed in Sec. II C, the partial, limited description
of the bending/stretching couplings provided by the PS TD-
SCF method is expected to underestimate energy transfer
towards the rotational modes, and therefore rotational exci-
tation. Indeed this is the result found, and the rotational dis-
tributions of Fig. 2 are colder than the experimental ones~s e
Fig. 7 in Ref. 21!. In the case of thev f5v21 channel for
v57 – 9, the PS TDSCF method is able to predict that the
positions of the maxima of the rotational distributions occur
at the samej level as that observed experimentally~j 56 for
v58, 9!, or close to it~the experimental peak forv57 is j
54, while the calculated one isj 56!. Since thej distribu-
tions of the initial resonance states peak atj 54, the maxima
found in thev f5v21 rotational distributions indicate that
the method accounts for some energy transfer to the rota-
tional modes. However, the PS TDSCF approach is not able
to describe excitation to higher rotational levels, and the
population of j >8 is clearly underestimated. The failure of
the method in reproducing the Cl2 rotational distributions is
more evident in the case of the very coldv f5v22 distribu-
tions of Fig. 2, as compared to the experimental ones. The
result that the PS TDSCF method underestimates rotational
excitation was already found in simulations of the VP dy-
namics of Cl2– Ne.
37
D. Application to VP of I 2„B, vÄ21…– Ne2
In order to test further the present PS TDSCF approach,
the VP dynamics of the I2(B, v521) – Ne2 complex has
been simulated to compare with the MCTDH results reported
in Ref. 27. Assuming that the MCTDH calculations are prac-
tically converged, as shown by the convergence tests re-
ported by Meier and Manthe,27 the MCTDH results can be
considered as exact ones. Comparison with such results pro-
vides a stringent test for the PS TDSCF method.
Using the same potential-energy surface38 of Ref. 27 the
initial resonance state of I2(B,v521) – Ne2 is calculated
variationally. Similarly as with Cl2– Ne2 , in the variational
calculation only one function is considered for the I2 vibra-
tional stretching mode~that corresponding tov521!. In
practice this means that in the initial wave function the I2
stretch and the vdW modes are factorized. A similar assump-
tion was made in the relaxation method employed in Ref. 27,
so the two calculations of the initial state should be very
close. Indeed, the vdW binding energy obtained variationally
is 2143.4 cm21, very close to the energy of2144 cm21
found by Meier and Manthe27 with the relaxation method.
In the wave packet propagation the same radial grid and
FIG. 3. Calculated time evolution of the populations in the vibrational states
v ~top panel!, v21 ~middle panel!, andv22 ~bottom panel! upon vibra-
tional predissociation of I2(B, v521) – Ne2 . Two PS TDSCF calculations
are shown including four~solid line! and three~dashed line! I2 vibrational
channels. See the text for details.
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absorption parameters as in Ref. 27 have been used. These
parameters areR055.0 a.u., DR50.25 a.u., andNR5192
grid points, andRabs520.0 a.u. anda50.028 a.u.
22 for the
parameters of the absorption exponential functions. An ex-
pansion on 1800 angular basis functionsh l 1 ,l 2 ,L(u1 ,u2 ,f)
is used for the angular wave packet, withl 1
max5l2
max528 and
Lmax528. Propagation of the radial and angular wave pack-
ets is carried out with time stepsDt150.01 ps andDt2
50.000 625 ps, respectively, up to a final timet510 ps.
This is the propagation time for which convergence tests
have been reported for the MCTDH calculations.27
Two PS TDSCF calculations have been carried out, one
including four termsn5v, v21, v22, v23 in the expan-
sion of Eq.~13!, the other one including only three terms,
n5v, v21, v22. The time evolution of the total popula-
tions in the vibrational statesv, v21, andv22 @see Eq.~5!
and Fig. 2 in Ref. 27# are the most converged quantities
reported in the work of Meier and Manthe, and therefore
they will be used to compare with the PS TDSCF results.
The time evolution of these populations obtained with the
two PS TDSCF calculations are shown in Fig. 3.
Very good agreement is found between the PS TDSCF
and the MCTDH time evolutions, particularly for thev and
v21 populations. The undulations displayed by the PS TD-
SCF curves are originated in the factorization of the radial
and angular modes in the initial state, as discussed
elesewhere.25 After 10 ps the two most converged MCTDH
calculations, termed 20/6 and 20/5 in Ref. 27, yield popula-
tions of '77.5% and'76.0% in v, and '21.0% and
'22.5% in v21, respectively. After the same propagation
time the PS TDSCF calculations considering four and three
I2 vibrational channels give populations of 74.6% and 74.9%
in v, and 22.4% and 22.7% inv21, repectively, very close
to the MCTDH values. The good agreement between the PS
TDSCF and MCTDH results for the decay curveP(v) is
particularly interesting, since the resonance decay lifetime
can be extracted from that curve. The implication is that the
PS TDSCF and MCTDH methods would lead to similar life-
times.
For the v22 populations, the 20/6 and 20/5 MCTDH
calculations give'1.5% and'1.8%, respectively, after 10
ps. The corresponding PS TDSCF populations when four and
three vibrational channels are considered are 2.8% and 2.3%,
repectively, showing a somewhat lower level of agreement
with the MCTDH results than in the case of thev and v
21 populations. This larger discrepancy is not surprising
since, due to the small intensity of thev22 wave packet
component (,3%), theuncertainties of both the PS TDSCF
and the MCTDH methods in the calculation of this popula-
tion are expected to be larger.
It is apparently surprising the result that the PS TDSCF
calculation considering only three vibrational channels is
slightly closer to the MCTDH results than the more con-
verged PS TDSCF calculation which includes the additional
v23 channel. This result might just be a coincidence. An-
other possible explanation is that the five single-particle
functions used in Ref. 27 to represent the I2 stretch vibration
might be insufficient to represent four vibrational channels
~no convergence tests increasing the number of these func-
tions were reported in Ref. 27!, leading to an incomplete
representation of thev23 channel. In the PS TDSCF ap-
proach the four vibrational channels are fully represented in
Eq. ~13!.
IV. CONCLUSIONS
A full-dimensional time-dependent quantum approach to
simulate the vibrational predissociation dynamics of
BC–Rg2 systems has been proposed. The method applies the
partially-separable time-dependent self-consistent-field ap-
proximation to express the total, six-dimensional wave func-
tion as a product of two functions, one including the three
stretching modes of the system, the other one describing the
three bending modes. Within each group the modes retain the
full coupling. The equations of the method make possible
partial interaction between the separated modes through
mean-field Hamiltonians. The bending coordinates are repre-
sented in an angular basis set which, along with the mode
separation assumed, makes the approach suggested very ef-
ficient.
The method is tested by simulating the vibrational pre-
dissociation dynamics of Cl2– Ne2 in the Cl2 vibrational ex-
citation rangev57 – 13, and comparing the results with ex-
perimental data and previous simulations. The present
approach is found to involve only a 20% of extra computa-
tional effort with respect to a previous reduced-dimensional
quantum model which considered only the three stretching
modes of the system. This result assesses the efficiency of
the method. Most of the extra effort is translated into con-
vergence~towards the experimental values! of the currently
calculated lifetimes and Cl2 vibrational populations, as com-
pared to those obtained with the previous reduced-
dimensional model.
Good, nearly quantitative agreement with experiment
~within the uncertainties of the potential surface used! is
found for the resonance lifetimes and Cl2 vibrational distri-
butions calculated for the higher Cl2 vibrational excitations
in the range studied. Forv<9 the calculated lifetimes ex-
hibit large deviations from the experimental results, showing
a similar behavior with decreasingv to the lifetimes obtained
with earlier reduced-dimensional quantum models. Such a
behavior is attributed to an increasingly important dynamical
role of the bending modes and their couplings to the stretch-
ing modes asv decreases. The calculated Cl2 fragment vi-
brational populations forv,9 agree worse with the experi-
mental measurements, consistently with the poorer
performance of the method as the intensity of the bending/
stretching couplings increases. The approach is still able to
predict the experimental finding that the population of the
v21 channel increases rapidly asv decreases fromv59,
and becomes dominant forv57. This result was unpredicted
in previous reduced-dimensional quantum and full-
dimensional hybrid quantum-classical simulations. The
present method fails in reproducing the experimental Cl2 ro-
tational distributions, underestimating rotational excitation of
the Cl2 fragment. This failure is mainly due to the decou-
pling between the bending modes and the Cl2 stretching vi-
bration where the energy is initially deposited.
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The PS TDSCF approach is also tested against MCTDH
calculations by simulating the VP dynamics of I2(B,v
521) – Ne2 and comparing the time evolution of the vibra-
tional populations. An encouragingly good agreement is
found between the PS TDSCF simulation and the two most
converged MCTDH calculations, which assesses the reliabil-
ity of the PS TDSCF method. Related to this agreement is
probably the fact that the influence of the angular modes in
the dynamics of I2(B,v521) – Ne2 is not very strong. In ad-
dition, the I2(B,v521) – Ne2 simulation demonstrates that
the PS TDSCF method can handle efficiently large expan-
sions for the angular wave packet representation~with 1800
angular basis functions in this case!.
The approach suggested in this work appears as an effi-
cient tool to describe the main dynamical features of the
vibrational predissociation of BC–Rg2 clusters. The method
seems to provide reliable predictions~at a semiquantitative
or even nearly quantitative level! of most of the observable
magnitudes of interest, as long as the couplings between the
separated modes are not strong@which is the case of
Cl2– Ne2 for v59 – 13 and I2(B,v521) – Ne2#. When such
couplings become more relevant the level of accuracy
achieved by this model is only qualitative. The efficiency of
the approach makes feasible its application to larger clusters.
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